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ELECTRONIC DEVICE HAVING
COALESCED METAL NANOPARTICLES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a divisional application of U.S. appli-
cation Ser. No. 10/733,136 (filing date Dec. 11, 2003 now

abandoned) from which priority 1s claimed, the disclosure of
which 1s totally incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This 1nvention was made with United States Government

support under Cooperative Agreement No. 7ONANBOH?3033
awarded by the National Institute of Standards and Technol-
ogy (NIST). The United States Government has certain rights
in the mvention.

BACKGROUND OF THE INVENTION

The proper deposition and patterning of electrically con-
ductive materials as for instance electrodes and interconnects
are 1mportant 1n circuit fabrication for electronic devices.
Electrodes of electronic devices such as thin film transistors
can be fabricated, for example, by vacuum deposition of a
metal through a shadow mask, or by vacuum deposition of a
metal and subsequent patterning with photolithography tech-
nique. However, vacuum deposition and photolithography
are costly techniques. They are not suitable for use in manu-
facturing low-cost large-area electronics, particularly plastic
clectronics. Manufacturing cost can be significantly reduced
if the electrodes and interconnects could be directly deposited
and patterned by solution depositing. In addition, although
organic electrically conductive materials such as polystyrene
sulfonate-doped poly(3,4- ethylenedloxythlophene) (“PSS-
P_JDOT”) are solution processable, metal 1s preferred over
organic conductive materials 1n certain situations due to met-
al’s higher conductivity and the potential long-term opera-
tional stability of metal electrodes and interconnects. There-
fore, there 1s aneed, addressed by embodiments of the present
invention, for new processes to form the electrically conduc-
tive layer of an electronic device.

The following documents may be relevant to examination
ol the present application:

Alivisatos et al., U.S. Pat. No. 5,262,357.
International Publication Number WO 01/53007 Al.

Douglas L. Schulz et al., “CdTe Thin Films from Nanopar-
ticle Precursors by Spray Deposition,” Vol. 9, No. 4, Chem.
Mater., pp. 889-900 (1997).

Vossmeyer, U.S. Pat. No. 6,458,327 B 1.
Shih et al., U.S. Pat. No. 6,586,787 B 1.

M. Brust etal., “Synthesis and Reactions of Functionalised

Gold \Tanopartlcles 7 J. Chem. Soc., Chem. Commun., pp.
1655-1656 (1995).

Heath et al., U.S. Pat. No. 6,103,868.

Toshiharu Teranishi et al., “Heat-Induced Size Evolution
of Gold Nanoparticles in the Solid State,” Vol. 13, No. 22,
Adv. Mater., pp. 1699-1701 (2001).

Francis P. Zamborini et al., “Electron Hopping Conductiv-

ity and Vapor Sensing Properties of Flexible Network Poly-
mer Films of Metal Nanoparticles,” Vol. 124, No. 30, J. Am.

Chem. Soc., pp. 8958-8964 (2002).
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SUMMARY OF THE DISCLOSUR.

(L]

In embodiments, there 1s provided a process comprising;

(a) solution depositing a composition comprising a liquid and
a plurality of metal nanoparticles with a stabilizer on a
substrate to result in a deposited composition; and

(b) heating the deposited composition to cause the metal
nanoparticles to form an electrically conductive layer of an
clectronic device, wherein one or more of the liquid, the
stabilizer, and a decomposed stabilizer 1s optionally part of
the electrically conductive layer but if present 1s in a
residual amount.

In additional embodiments, there 1s provided a process
comprising:

(a) solution printing a composition comprising a liquid and a
plurality of coinage metal containing nanoparticles with a
stabilizer on a plastic substrate to result 1n a deposited
composition; and

(b) heating the deposited composition to cause the coinage
metal containing nanoparticles to coalesce to form an elec-
trically conductive layer of an electronic device, wherein
one or more of the liquid, the stabilizer, and a decomposed
stabilizer 1s optionally part of the electrically conductive
layer but if present 1s 1 a residual amount.

In embodiments, there 1s also provided an apparatus com-
prising;:

(a) a substrate

(b) a deposited composition comprising a liquid and a plural-
ity of metal nanoparticles with a covalently bonded stabi-
lizer.

In further embodiments, there 1s provided an electronic
device comprising:

(a) a substrate

(b) an electrically conductive layer comprising coalesced
metal nanoparticles and a residual amount of one or both of
a stabilizer and a decomposed stabilizer as part of the
clectrically conductive layer.

In other embodiments, there 1s provided a thin film tran-
s1stor comprising:
(a) an mnsulating layer;
(b) a gate electrode;
(c) a semiconductor layer;
(d) a source electrode; and
(e) a drain electrode,
wherein the mnsulating layer, the gate electrode, the semi-
conductor layer, the source electrode, and the drain elec-
trode are 1 any sequence as long as the gate electrode
and the semiconductor layer both contact the imsulating
layer, and the source electrode and the drain electrode
both contact the semiconductor layer, and

wherein at least one of the source electrode, the drain
clectrode, and the gate electrode comprise coalesced
comnage metal contaiming nanoparticles and a residual
amount of one or both of a stabilizer and a decomposed
stabilizer.

BRIEF DESCRIPTION OF THE DRAWINGS

Other aspects of the present invention will become appar-
ent as the following description proceeds and upon reference
to the Figures which represent 1llustrative embodiments:

FIG. 1 represents a first embodiment of a thin film transis-
tor made using the present process;

FIG. 2 represents a second embodiment of a thin film
transistor made using the present process;

FIG. 3 represents a third embodiment of a thin film tran-
sistor made using the present process; and
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FIG. 4 represents a fourth embodiment of a thin film tran-
sistor made using the present process.

Unless otherwise noted, the same reference numeral 1n
different Figures refers to the same or similar feature.

DETAILED DESCRIPTION

The term “nanoparticles” as used herein refers to particles
with an average size of less than about 1 micrometer, less than
about 100 nm, or less than about 10 nm. In embodiments, the
particle size of the nanoparticles ranges for example from
about 1 nm to about 100 nm or from about 1 nm to about 50
nm, or from about 1 nm to about 10 nm. The particle size 1s
defined herein as the average diameter of metal core, exclud-
ing the stabilizer.

Any matenials are suitable for the metal nanoparticles as
long as the metal nanoparticles are capable of forming an
clectrically conductive layer of an electronic device. The
metal nanoparticles are composed of a single metal or of a
metal composite composed of (1) two or more metals 1n an
equal or unequal ratio, or (1) at least one metal with one or
more non-metals 1n an equal or unequal ratio. Suitable metals
for the metal nanoparticles imnclude for example Al, Au, Ag,
Pt, Pd, Cu, Co, Cr, In, and Ni, particularly the transition
metals for example Au, Ag, Pt, Pd, Cu, Cr, N1, and mixtures
thereol. Exemplary metal composites are Au—Ag, Au—Cu,
Ag—Cu, Au—Ag—Cu, and Au—Ag—Pd. Suitable non-
metals 1n the metal composite include for example S1, C, N,
and O. In embodiments, metal nanoparticles are composed of
a single coinage metal or of a metal composite containing one
or more coinage metals. The term “coinage metal” refers to
Au, Ag, and Cu. Each component of a metal composite may
be present 1n an amount ranging for example from about
0.01% to about 99.9% by weight, particularly from about
10% to about 90% by weight.

Suitable materials for the metal nanoparticles may be
selected 1n embodiments based on for example high conduc-
tivity, preferably about or more than 100 S/cm when such
material 1s coated as a thin film with a thickness ranging for
example from 5 nanometers to 1 micrometer, and optionally
also based on long term stability in air. Prior to heating, the
metal nanoparticles may or may not exhibit high electrical
conductivity.

The stabilizer may be any moiety that “stabilizes” the metal
nanoparticles in the liquid prior to the solution depositing,
where “stabilizes™ refers to reducing the aggregation and
precipitation of the metal nanoparticles in the liquid prior to
solution depositing. Preferred stabilizers are those that “sta-
bilize” the metal nanoparticles 1n the liquid at room tempera-
ture (which refers herein to a temperature of about 20 to about
28 degrees C.) or any other desired temperature range. The
stabilizer may be a single stabilizer or a mixture of two or
more stabilizers. In embodiments, the stabilizer has a boiling
point or decomposition temperature lower than about 250
degree C., particularly lower than about 130 degree C., under
1 atmosphere or reduced pressure for example from several
mbar to about 107> mbar.

In embodiments, the stabilizer may be an organic stabilizer.
The term “organic™ 1n “organic stabilizer” refers to the pres-
ence of carbon atom(s), but the organic stabilizer may include
one or more non-metal heteroatoms such as nitrogen, oxygen,
sulfur, silicon, a halogen, and the like. Exemplary organic
stabilizers include for instance thiol and 1ts derivatives, amine
and 1ts derivatives, carboxylic acid and 1ts carboxylate deriva-
tives, polyethylene glycols, and other organic surfactants. In
embodiments, the organic stabilizer i1s selected from the
group consisting of a dithiol such as for example 1,2-
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cthanedithiol, 1,3-propanedithiol, and 1,4-butanedithiol; a
diamine such as for example ethylenediamine, 1,3-diamino-
propane, 1,4-diaminobutane; a thiol such as for example
1 -butanethiol, 1-pentanethiol, 1-hexanethiol, 1-heptanethiol,
1 -octanethiol, 1-dodecanethiol, and tert-dodecanethiol; an
amine such as for example 1-ethylamine, 1-propylamine,
1 -butylamine, octylamine and dodecylamine; a mixture of a
thiol and a dithiol; and a mixture of an amine and a diamine,
particularly a low boiling point version of any of the above.
Organic stabilizers containing a pyrnidine derivative (e.g.,
dodecyl pyridine) and/or organophosphine that can stabilize
metal nanoparticles are also included as a stabilizer in
embodiments of the present invention. In embodiments, the
metal nanoparticles may form a chemical bond with the sta-
bilizer. The chemical names of the stabilizer provided herein
are before formation of any chemical bond with the metal
nanoparticles. It 1s noted that the chemical name of the stabi-
lizer may change with the formation of a chemical bond, but
for convenience the chemical name prior to formation of the
chemical bond 1s used.

In embodiments, the stabilizer can be a metal containing
stabilizer such as organometallic compounds or metal salts of
organic compounds. Illustrative examples are metal alkox-
ides, metal carboxylates, alkyl ammonium salts of metal, and
other metal containing compounds such as a metal alkylsul-
fonate or arylsulifonate, and a pyridynium salt of metal, or
mixtures thereof. The metal of the metal containing stabilizer
can be for example sodium, potassium, and calcium. In
embodiments of the present invention, the metal containing
stabilizer 1s other than a metal-chelate complex. In embodi-
ments of the present mvention, the stabilizer 1s other than a
metal containing stabilizer.

The attractive force between the metal nanoparticles and
the stabilizer can be a chemical bond and/or physical attach-
ment. The chemical bond can take the form of for example
covalent bonding, hydrogen bonding, coordination complex
bonding, or ionic bonding, or a mixture of different chemical
bonds. The physical attachment can take the form of for
example van der waals’ forces or dipole-dipole interaction, or
a mixture of different physical attachments. In embodiments,
the attractive force may be bonding via for example a sulfur-
metal bonding or coordination complex bonding. In other
embodiments, the attractive force can be a non-covalent, non-
ionic bonding such as van der waals’ forces, hydrogen bond-
ing, or a mixture of thereof.

The extent of coverage of the stabilizer on the surface of the
metal nanoparticles can vary for example from partial to full
coverage depending for instance on the capability of the
stabilizer to stabilize the metal nanoparticles 1n the liquid. Of
course, there 1s variability as well 1n the extent of coverage of
the stabilizer among the individual metal nanoparticles.

Any suitable method may be used to form metal nanopar-
ticles with stabilizers. One such method 1s simultaneous
reduction of metal compound and attachment of the stabilizer
to the growing metal nuclei. Metal nanoparticles with a sta-
bilizer and their preparation are described in M. Brust, “Syn-
thesis and Reactions of Functionalised Gold Nanoparticles,”
J. Chem. Soc., Chem. Commun., pp. 1655-1656 (19935) and
Heath et al., U.S. Pat. No. 6,103,868, the disclosures of which
are totally incorporated herein by reference.

In embodiments, the composition prior to solution depos-
iting and the resulting deposited composition prior to the
heating generally have the same components but may differ in
their concentrations (or may have the same component con-
centrations) where for example the liquid concentration may
be lower 1n the deposited composition. Unless otherwise
noted, any discussion of the composition relates to the com-



US 7,443,027 B2

S

position prior to solution depositing. The phrase “deposited
composition” 1s used to distinguish from the composition
prior to solution depositing. The composition (referred herein
as “Composition”) can be either a solution or a dispersion.
Any suitable technique may be used to prepare the Compo-
sition. In embodiments, the Composition can be prepared
simply by dissolving or dispersing the metal nanoparticles
with the stabilizer in a suitable liquid. Ultrasonic and
mechanical stirring are optionally used to assist the dissolv-
ing or dispersing of the metal nanoparticles.

Exemplary amounts of the Composition components are as
tollows. The metal nanoparticles and the stabilizer are present
in an amount ranging for example from about 0.3% to about
90% by weight, or from about 1% to about 70% by weight, the
balance being the other components of the Composition such
as the liquid. If the metal nanoparticles and the stabilizer(s)
are added separately into the liquid, the metal nanoparticles
are present 1n an amount ranging for example from about
0.1% to 90% by weight, or from about 1% to 70% by weight
of the Composition; the stabilizer or stabilizers are present 1n
a suificient amount to form a stable Composition, for example
in a range from about 1% to 50% by weight, or from about 5%
to 40% by weight of the Composition.

Examples of the liquid are water, ketones, alcohols, esters,
cthers, halogenated aliphatic and aromatic hydrocarbons and
the like and mixtures thereof. Specific liquid examples are
cyclohexanone, acetone, methyl ethyl ketone, methanol,
cthanol, butanol, amyl alcohol, butyl acetate, dibutyl ether,
tetrahydrofuran, toluene, xylene, chlorobenzene, methylene
chlornide, trichloroethylene, and the like. A single matenal or
a mixture of two, three or more different materials can be used
for the liquid at any suitable ratio such as an equal or unequal
ratio of two or more different fluids.

The Composition may be solution deposited on the sub-
strate at any suitable time prior to or subsequent to the for-
mation ol any other layer or layers on the substrate. Thus,
solution depositing of the Composition “on the substrate” can
occur erther on a “bare” substrate or on a substrate already
containing layered material (e.g., a semiconductor layer and/
or an 1nsulating layer).

The phrase “solution depositing” refers to any suitable
solution compatible (or dispersion compatible) deposition
technique such as solution coating and solution printing.
I[llustrative solution coating processes include for example
spin coating, blade coating, rod coating, dip coating, and the
like. Illustrative solution printing techmniques include for
example screen printing, stencil printing, inkjet printing,
stamping (such as microcontact printing), and the like. The
solution depositing deposits a layer of the deposited compo-
sition having a thickness ranging from about 5 nm to about 1
millimeter, particularly from about 10 nm to 1 micrometer.

After solution depositing, the deposited composition 1s
subjected to heating for a time ranging for example from
about 5 minutes to about 10 hours, particularly from about 0.5
hour to about 5 hours. The heating temperature preferably 1s
one that does not cause adverse changes 1n the properties of
previously deposited layer(s) or the substrate (whether single
layer substrate or multilayer substrate). The heating tempera-
ture may be for example from about 30 to about 250 degrees
C., particularly from about 30 to about 150 degrees C.

Heating produces a number of effects. One desired effect1s
to cause the metal nanoparticles to form the electrically con-
ductive layer. In embodiments, the heating causes the metal
nanoparticles to coalesce to form an electrically conductive
layer. In other embodiments, it may be possible that the metal
nanoparticles achieve particle-to-particle contact to form the
clectrically conductive layer without coalescing where,
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although there may be grain boundaries between the contact-
ing metal nanoparticles, electrons can still tunnel through the
boundaries leading to current tlow.

Heating may cause separation of the stabilizer and the
liquid from the metal nanoparticles in the sense that the sta-
bilizer and the liquid are generally not incorporated 1nto the
clectrically conductive layer but if present are 1n a residual
amount. In embodiments, heating may decompose a portion
of the stabilizer to produce “decomposed stabilizer.”” Heating
may also cause separation of the decomposed stabilizer such
that the decomposed stabilizer generally 1s not incorporated
into the electrically conductive layer, but if present 1s 1n a
residual amount. Separation of the stabilizer, the liquid, and
the decomposed stabilizer from the metal nanoparticles may
lead to enhanced electrical conductivity of the electrically
conductive layer since the presence of these components may
reduce the extent ol metal nanoparticle to metal nanoparticle
contact or coalescence. Separation may occur in any manner
such as for example a change in state of matter from a solid or
liquid to a gas, e.g., volatilization. Separation may also occur
when any one or more of the stabilizer, decomposed stabi-
lizer, and liquid migrates to an adjacent layer and/or forms an
interlayer between the electrically conductive layer and the
adjacent layer, where intermixing of various materials option-
ally occurs 1n the adjacent layer and/or the interlayer.

In embodiments, one or more of the stabilizer, decomposed
stabilizer, and the liquid 1s absent from the electrically con-
ductive layer. In embodiments, a residual amount of one or
more of the stabilizer, decomposed stabilizer, and the liquid
may be present in the electrically conductive layer, where the
residual amount does not appreciably affect the conductivity
of the electrically conductive layer. In embodiments, the
residual amount of one or more of the stabilizer, decomposed
stabilizer, and the liquid may decrease the conductivity of the
clectrically conductive layer but the resulting conductivity 1s
still within the usetul range for the intended electronic device.
The residual amount of each component may independently
range for example of up to about 5% by weight, or less than
about 0.5% by weight based on the weight of the electrically
conductive layer, depending on the process conditions such as
heating temperature and time. When heating causes separa-
tion of the stabilizer and/or decomposed stabilizer from the
metal nanoparticles, the attractive force between the sepa-
rated stabilizer/decomposed stabilizer and the metal nanopar-
ticles 1s severed or diminished. Other techniques such as
exposure to UV light may be combined with heating to accel-
crate the separation of the stabilizer, the liquid, and the
decomposed stabilizer from the metal nanoparticles.

After heating, the resulting electrically conductive layer 1s
optionally cooled down to room temperature for subsequent
processing such as for example the deposition of a semicon-
ductor layer.

In embodiments, after heating, the resulting electrically
conductive layer consists of or consists essentially of coa-
lesced metal nanoparticles or uncoalesced contacting metal
nanoparticles. The resulting electrically conductive layer has
a thickness ranging for example from about 5 nm to about 10
micrometer, particularly from 20 nanometers to 1,000
nanometers. In embodiments, the electrically conductive
layer has a thin film conductivity of for example more than
about 0.1 S/cm (Siemens/centimeter), particularly more than
about 10 S/cm. In embodiments, the conductivity of the
resulting electrically conductive layer 1s more than about 100
S/cm, particularly more than about 500 S/cm. The conductiv-
ity was measured by traditional four-probe measurement
technique.




US 7,443,027 B2

7

In embodiments, the present process may be used when-
ever there 1s a need to form an electrically conductive layer in
an electronic device. The electrically conductive layer may be
for example an electrode, conducting lines, or interconnects.
The phrase “electronic device” refers to macro-, micro- and
nano-electronic devices such as, for example, antenna(s) in
radio frequency identification tags, micro- and nano-sized
transistors and diodes. Illustrative transistors include for
instance thin film transistors, particularly organic thin film
transistors.

In FIG. 1, there 1s schematically illustrated a thin film
transistor (““I'F'1”) configuration 10 comprised of a heavily
n-doped silicon wafer 18 which acts as both a substrate and a
gate electrode, a thermally grown silicon oxide insulating
layer 14 on top of which two metal contacts, source electrode
20 and drain electrode 22, are deposited. Over and between
the metal contacts 20 and 22 1s an organic semiconductor
layer 12 as 1llustrated herein. An optional encapsulation layer
(not shown) contacts the semiconductor layer. The encapsu-
lation layer may be composed of for example an mnorganic
material such as silicon oxide, silicon nitride, aluminum
oxide, glass; an organic material such as polyimides, polyes-
ters, poly(acrylate)s, epoxy resin; and a mixture of inorganic
and organic materals.

FI1G. 2 schematically illustrates another TF'T configuration
30 comprised of a substrate 36, a gate electrode 38, a source
clectrode 40 and a drain electrode 42, an msulating layer 34,
and an organic semiconductor layer 32.

FIG. 3 schematically illustrates a turther TFT configura-
tion 50 comprised of a heavily n-doped silicon water 56
which acts as both a substrate and a gate electrode, a thermally
grown silicon oxide insulating layer 34, and an organic semi-
conductor layer 52, on top of which are deposited a source
clectrode 60 and a drain electrode 62.

FI1G. 4 schematically 1llustrates an additional TF'T configu-
ration 70 comprised of substrate 76, a gate electrode 78, a
source electrode 80, a drain electrode 82, an organic semi-
conductor layer 72, and an 1nsulating layer 74.

The substrate may be composed of for mnstance silicon
wafler, glass plate, metal sheet, plastic film or sheet. For struc-
turally flexible devices, plastic substrate, such as for example
polyester, polycarbonate, polyimide sheets and the like may
be used. The thickness of the substrate may be from amount
10 micrometers to over 10 millimeters with an exemplary
thickness being from about 50 micrometers to about 2 milli-
meters, especially for a flexible plastic substrate and from
about 0.4 to about 10 millimeters for a rngid substrate such as
glass or silicon.

The gate electrode, the source electrode, and the drain
clectrode are fabricated by embodiments of the present inven-
tion. The thickness of the gate electrode layer ranges for
example from about 10 to about 2000 nanometers. Typical
thicknesses of source and drain electrodes are about, for
example, from about 40 nanometers to about 1 micrometer
with the more specific thickness being about 60 to about 400
nanometers.

The insulating layer generally can be an inorganic material
film or an organic polymer film. Illustrative examples of
inorganic materials suitable as the nsulating layer include
silicon oxide, silicon nitride, aluminum oxide, barium titan-
ate, barmum zirconium titanate and the like; illustrative
examples of organic polymers for the insulating layer include
polyesters, polycarbonates, poly(vinyl phenol), polyimides,
polystyrene, poly(methacrylate)s, poly(acrylate)s, epoxy
resin, liquid glass, and the like. The thickness of the insulating,
layer 1s, for example from about 10 nanometers to about 500
nanometers depending on the dielectric constant of the
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8

dielectric material used. An exemplary thickness of the 1nsu-
lating layer 1s from about 100 nanometers to about 500
nanometers. The mnsulating layer may have a conductivity
that is for example less than about 107" S/cm.

Situated, for example, between and 1n contact with the
insulating layer and the source/drain electrodes 1s the semi-
conductor layer wherein the thickness of the semiconductor
layer 1s generally, for example, about 10 nanometers to about
1 micrometer, or about 40 to about 100 nanometers. Any
semiconductor material may be used to form this layer.
Exemplary semiconductor materials include regioregular
polythiophene, oligthiophene, pentacene, and the semicon-

ductor polymers disclosed in Beng Ong et al., US Patent
Application Publication No. U.S. 2003/0160230 Al; Beng

Ong et al., US Patent Application Publication No. U.S. 2003/
0160234 Al; Beng Ong et al., US Patent Application Publi-
cation No. U.S. 2003/0136958 Al; and “Organic Thin Film
Transistors for Large Area Electronics™ by C. D. Dimitrako-
poulos and P. R. L. Malenfant, Adv. Mater.,Vol. 12, No. 2, pp.
99-117 (2002), the disclosures of which are totally incorpo-
rated herein by reference. Any suitable technique may be used
to form the semiconductor layer. One such method 1s to apply
a vacuum of about 107> to 1077 torr to a chamber containing
a substrate and a source vessel that holds the compound 1n
powdered form. Heat the vessel until the compound sublimes
onto the substrate. The semiconductor layer can also gener-
ally be fabricated by solution processes such as spin coating,
casting, screen printing, stamping, or jet printing of a solution
or dispersion of the semiconductor.

The msulating layer, the gate electrode, the semiconductor
layer, the source electrode, and the drain electrode are formed
1In any sequence, particularly where in embodiments the gate
clectrode and the semiconductor layer both contact the 1nsu-
lating layer, and the source electrode and the drain electrode
both contact the semiconductor layer. The phrase “in any
sequence’” includes sequential and simultaneous formation.
For example, the source electrode and the drain electrode can
be formed simultaneously or sequentially. The composition,
fabrication, and operation of thin film transistors are
described in Baoetal., U.S. Pat. No. 6,107,117, the disclosure
of which 1s totally incorporated herein by reference.

The thin film transistors produced by the present process
have an on/off ratio greater than for example about 10%, and
particularly greater than about 10°. The phrase on/off ratio
refers to the ratio of the source-drain current when the tran-
sistor 1s on to the source-drain current when the transistor 1s

off.

In embodiments, the benefits of the present invention may
include one or more of the following:

(1) The metal nanoparticles, can form a stable dispersion in
liquid media, which enables a solution deposition technique.
These solution deposition techniques lower manufacturing
cost significantly, particularly for a large area device.

(2) Compared with using an organic conductive material
for the electrically conductive layer, fabricating an electri-
cally conductive layer from the metal nanoparticles results 1n
higher conductivity and better long-term stability.

(3) Compared with the use of larger metal particles, the
metal nanoparticles can be heated to form the electrically
conductive layer at a lower temperature. Lower temperatures
enable fabrication of transistor circuits on plastic substrates
for plastic electronic applications at a lower cost.

The 1nvention will now be described 1n detail with respect
to specific exemplary embodiments thereot, it being under-
stood that these examples are intended to be illustrative only
and the invention 1s not intended to be limited to the materials,
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conditions, or process parameters recited herein. All percent-
ages and parts are by weight unless otherwise indicated.

EXAMPLE 1

Preparation of Gold Nanoparticles with an
Alkanethiol Stabilizer

To a tetraoctylammonium bromide (2.19 g, 4 mmol) solu-
tion 1n toluene (80 mL) 1n a 500 mL flask was added hydrogen
tetrachloroaurate (I11I) trihydrate (0.394 g, 1 mmol) solution
in water (100 mL) with rapid stirring (under argon). After two
minutes, 1-octanethiol (0.439 g, 3 mmol) in toluene (30 mL)
was added to the flask and stirred vigorously for 10 min at
room temperature until the solution became colorless. Then
the solution was cooled to 0° C. by an 1ce-water bath. A
freshly prepared sodium borohydride (0.378 g, 10 mmol)
solution 1n water (100 mL) was added to the vigorously
stirred solution over 30 seconds. The reaction mixture was
allowed to warm to room temperature and the rapid stirring
was continued for 3 h. The organic phase was separated and
concentrated to 5 mL by evaporation of the solvent (the bath
temperature 1s <40° C.). The concentrated solution was added
drop-wise to 200 mL rapidly stirring methanol. The product
was collected by centrifugation, washed with methanol sev-
eral times, and vacuum dried. The solid was dissolved 1n a
small amount of toluene (5 mL) and the solution was added
into 200 mL methanol with stirring. The precipitates were
collected and dried under reduced pressure at room tempera-
ture for 12 h. The gold nanoparticles stabilized with 1-oc-
tanethiol were thus obtained as black solids (0.20 g).

EXAMPLE 2

Preparation of Silver Nanoparticles with an
Alkanethiol Stabilizer

Silver nanoparticles stabilized with n-octanethiol were
prepared according to the procedure as described 1n Example
1 using silver nitrate (0.17 g, 1 mmol). A dark brown solid
(0.18 g) was obtained after work-up.

EXAMPLE 3

Preparation of Gold Nanoparticles with
Organophosphine Stabilizer

To a tetraoctylammonium bromide (1.60 g, 2.93 mmol)
solution 1n toluene (50 mL) 1n a 500 mL flask was added
hydrogen tetrachloroaurate (III) trihydrate (1.00 g, 2.54
mmol) solution 1n water (65 mL) with rapid stirring (under
argon). After two minutes, triphenylphosphine (2.32 g, 8.85
mmol) was added to the flask and stirred vigorously for 10
min at room temperature. Then the solution was cooled to O
degree C. by an 1ce-water bath. A freshly prepared sodium
borohydnde (1.41 g, 37.3 mmol) solution in water (10 mL)
was added to the vigorously stirred solution over 30 seconds.
The reaction mixture was allowed to warm to room tempera-
ture and the rapid stirring was continued for 3 h. The organic
phase was washed with water 3 times, separated, dried over
anhydrous magnesium sulfate, and filtered. The solvent was
removed by evaporation (the bath temperature 1s <40° C.) to
give a black solid. The solid was washed with hexane, satu-
rated aqueous sodium nitrite, and methanol/water mixture (34
by volume). Further purification was conducted by precipita-
tion from chloroform upon slow addition of pentane. The
precipitates were collected and dried under reduced pressure

10

15

20

25

30

35

40

45

50

55

60

65

10

at room temperature for 12 h. The gold nanoparticles stabi-
lized with triphenylphosphine were thus obtained as black

solids (0.17 g).

EXAMPLE 4

Preparation of Gold-Copper Nanoparticles with an
Alkanethiol Stabilizer

To a tetraoctylammonium bromide (2.19 g, 4 mmol) solu-
tion 1n toluene (80 mL ) 1n a S00 mL flask was added hydrogen
tetrachloroaurate (III) trihydrate (0.197 g, 0.5 mmol) and
copper(ll) nitrate hemipentahydrate (0.116 g, 0.5 mmol)
solution 1n water (100 mL) with rapid stirring (under argon).
After two minutes, 1-octanethiol (0.439 g, 3 mmol) in toluene
(30 ml.) was added to the flask and stirred vigorously for 10
min at room temperature until the solution became colorless.
Then the solution was cooled to 0° C. by an 1ce-water bath. A
freshly prepared sodium borohydride (0.378 g, 10 mmol)
solution 1n water (100 mL) was added to the vigorously
stirred solution over 30 seconds. The reaction mixture was
allowed to warm to room temperature and the rapid stirring
was continued for 3 h. The organic phase was separated and
concentrated to 5 mL by evaporation (the bath temperature 1s
<40° C.). The concentrated solution was added drop-wise to
200 mL rapidly stirring methanol. The product was collected
by centrifugation, washed with methanol several times, and
vacuum dried. The solid was dissolved 1n a small amount of
toluene (5 mL) and the solution was added into 200 mL
methanol with stirring. The precipitates were collected and
dried under reduced pressure at room temperature for 12 h.
The gold-copper nanoparticles stabilized with 1-octanethiol
were thus obtained as black solids (0.20 g)

EXAMPLE 5

Preparation of Conductive Thin Film and
Conductivity Measurement

Gold nanoparticles synthesized in Example 1 were dis-
persed 1n toluene at a concentration of 3 percent by weight.
Ultrasonic was applied to the mixture to help disperse the
gold nanoparticles 1n toluene to form a homogeneous disper-
s1on. The resulting mixture was passed through a 0.2 micron
syringe filter. Thin films with a thickness about 30 nm were
obtained by spin coating the above solution onto clean glass
substrates at around 1000 rpm for 30 seconds at room tem-
perature. Then the films were dried at room temperature 1n a
vacuum oven for 2 hours to remove residual solvent. Conduc-
tivity of the film was measured by traditional 4-probe tech-
nique. After measurement, the thin films were heated to 150
degrees C. for 3 hours in vacuum oven to separate the stabi-
lizer from the metal nanoparticles and to cause the metal
nanoparticles to form electrically conductive layer or film.
After cooling down to room temperature, the conductivity of
the resulting thin films was measured again. Belore heating,
the films showed conductivity in the range of 10~ to 107°
S/cm. After heating, conductivity of about 330 to 1000 S/cm
was observed, an improvement about 8 to 10 orders. As a
comparison, commercially available organmic conductive
material, poly(2,3-dihydrothieno[3,4-b]-1,4-dioxin) doped
with poly(styrenesulionate) (PEDOT/PSS), was spin coated
onto the same glass substrate at the same speed for 100
seconds. After removing the residual solvent, conductivity of
a 100 nm PEDOT/PSS thin film was measured to be 0.1 S/cm

using the same technique.
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EXAMPLE 6

Fabrication of the Source/Drain Electrodes of a
Bottom-Contact TFT by Microcontact Printing

A bottom-contact thin film transistor device, as schemati-
cally shown by FIG. 1, was chosen as the primary test device
configuration 1n this Example. The test device was comprised
of an n-doped silicon water with a thermally grown silicon
oxide layer of a thickness of about 10 nanometers thereon.
The water functioned as the gate electrode while the silicon
oxide layer acted as the insulating layer and had a capacitance
of about 32 nF/cm (nanofarads/square centimeter). The fab-
rication of the device was accomplished under ambient con-
ditions without any precautions being taken to exclude the
materials and device from exposure to ambient oxygen, mois-
ture, or light. The silicon waler was first cleaned with oxygen
plasma, 1sopropanol, air dried, and then immersed ina 0.1 M
solution of octyltrichlorosilane 1n toluene for about 10 min-
utes at 60 degree C. Subsequently, the waler was washed with
toluene, 1sopropanol and air-dried.

Microcontact printing technique was used to deposit and
pattern gold nanoparticles on the water with the aid of a
polydimethylsiloxane (PDMS) stamp. The ink, composed of
a dispersion of gold nanoparticles with a stabilizer of
Example 1 1n toluene (5 wt %), was spin coated onto the
PDMS stamp at 1000 rpm. The inked PDMS stamp was first
brought into contact with the top surface of the substrate and
then gently pressed. After 1 minute, the stamp was released,
leaving a series of gold nanoparticle lines on the substrate.
Subsequently, the resultant gold nanoparticle lines were
heated 1n a vacuum oven at 150 degrees C. for 3 hours. Before
heating, the nanoparticle lines were dark 1n color. After heat-
ing, the lines became shining metallic gold color.

The following polythiophene was used to fabricate the
semiconductor layer:

CoHys

)\ S
TN/ Y\ Y

Hy5C

where n 1s a number of from about 5 to about 5,000. This
polythiophene and 1ts preparation are described in Beng
Ong et al., US Patent Application Publication No. U.S.
2003/0160230 Al, the disclosure of which 1s totally
incorporated herein by reference. The semiconductor
polythiophene layer of about 30 nanometers to about
100 nanometers 1n thickness was deposited on top of the
device by spin coating of the polythiophene 1n dichlo-
robenzene solution at a speed o1 1,000 rpm for about 100
seconds, and dried 1n vacuo at 80° C. for 20 hours.

The evaluation of field-effect transistor performance was
accomplished 1n a black box at ambient conditions using a
Keithley 4200 SCS semiconductor characterization system.
The carrier mobility, u, was calculated from the data 1n the
saturated regime (gate voltage, V .<source-drain voltage,
V .5) accordingly to equation (1)

Tsp=Cpu(W2L)V - VT)2 (1)

where 1., 1s the drain current at the saturated regime, W and
L. are, respectively, the semiconductor channel width and
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length, C, 1s the capacitance per unit area of the insulating
layer, and V ; and V. are, respectively, the gate voltage and
threshold voltage. V- of the device was determined from the
relationship between the square root of 1., at the saturated
regime and V - of the device by extrapolating the measured
data to 1.,=0.

An 1mmportant property for the thin film transistor 1s 1ts
current on/off ratio, which 1s the ratio of the saturation source-
drain current when the gate voltage V . 1s equal to or greater
than the drain voltage V , to the source-drain current when the
gate voltage V - 1s zero.

The device of this Example showed very good output and
transier characteristics. The output characteristics showed no
noticeable contact resistance, very good saturation behaviour,
clear saturation currents which are quadratic to the gate bias.
The device was turned on at around zero gate voltage with a
sharp subthreshold slope. Mobility was calculated to be
0.0056 Cm*/V.s, and the current on/off ratio was more than 5
orders. The performance of the mmventive device mimics a
conventional bottom-contact TFT with gold electrodes fabri-
cated by vacuum evaporation through a shadow mask.

EXAMPLE 7

Fabrication of the Source/Drain Electrodes of a
Top-Contact TF'T by Microcontact Printing

A top-contact thin film transistor structure, as schemati-
cally shown by FIG. 3, was chosen to test an embodiment of
the present invention. The inventive device was fabricated
and evaluated using the procedures of Example 6 except as
discussed herein. The substrate was prepared. Then, the semi-
conductor polythiophene layer of about 30 nanometers 1n
thickness was spin coated on top of the silicon oxide layer.
The coated semiconductor layer was dried in vacuum oven at
80 degrees C. for 3 hours and then cooled down to room
temperature. The source and drain electrodes composed of
the gold nanoparticle ink of Example 6 were deposited on top
of the semiconductor layer by microcontact printing tech-
niques 1n accordance with the procedure of Example 6. The
resultant TFT device was dried at room temperature in
vacuum for 1 hour, and then heated at 135 degrees C. for 3
hours to convert the gold nanoparticles into the conductive
source and drain electrodes. The device showed similar per-
formance as that described 1n Example 6. Little or no contact
resistance was observed. The inventive device performance
mimics a conventional top-contact TF'T with gold electrodes
tabricated by vacuum evaporation through a shadow mask.

EXAMPLE 8

Fabrication of the Source/Drain Electrodes of a
Bottom-Contact TFT by Inkjet Printing

A bottom-contact configuration as schematically shown by
FIG. 1 was used. The mventive device was fabricated and
evaluated using the procedures of Example 6 except as dis-
cussed herein. An inkjet printing technique was used to
deposit the gold nanoparticle ink of Example 6. A modified
piezoelectric inkjet printer equipped with an optical imaging
system that allows alignment of the inkjet nozzles was used to
deposit the gold nanoparticle imnk. The gold nanoparticle 1nk
was transierred into the cartridge of the inkjet printer. The ink
was jetted onto the silicon oxide layer to form the source and
drain electrodes. The device was dried at room temperature 1n
vacuum for 1 hour, and then heated at 150 degrees C. for 3
hours. Subsequently, the semiconducting layer was deposited
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in accordance with the procedure as described in Example 6. wherein the stabilizer 1s an organic stabilizer, the residual
The device showed similar performance as that described 1n amount ol each of the stabilizer and the decomposed
Example 6. The inventive device performance mimics a con- stabilizer or both combined 1s less than about 5% by
ventional bottom-contact TFT with gold electrodes fabri- weight of the electrically conductive layer, and wherein
cated by vacuum evaporation through a shadow mask. 5 the decomposed stabilizer results from heating the sta-
The mvention claimed 1s: bilizer from about 50 to 250 degree C at an ambient
1. An electronic device comprising: pressure.
(a) a substrate; and 2. The electronic device of claim 1, wherein the coalesced
(b) an electrically conductive layer consisting of coalesced metal nanoparticles consist of Au or Ag.
metal nanoparticles and a residual amount ofone orboth 10 3. The electronic device of claim 1, wherein the coalesced
of a stabilizer covalently bonded to the coalesced metal metal nanoparticles consist of Au-Ag or Au-Cu or Ag-Cu or
nanoparticles and a decomposed stabilizer covalently Au-Ag-Cu or Au-Ag-Pd.
bonded to the coalesced metal nanoparticles as part of 4. The electronic device of claim 1, wherein the coalesced
the electrically conductive layer wherein the coalesced metal nanoparticles consist of Au or Ag or Au-Ag.

metal nanoparticles consist of Au or Ag or Au-Ag or 15
Au-Cu or Ag-Cu or Au-Ag-Cu or Au-Ag-Pd. I
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